To reduce the environmental and economical impact of soil erosion resulting from improper management of land-use activities, a study was initiated by the Iranian Ministry of Construction on Syahrood, one of the sub-basins of the Damavand watershed in Iran. Land-use optimization is one of the appropriate strategies for soil conservation. It can empower the decision maker or watershed manager to choose from different land-use scenarios to reach the best decision with the different combinations of variables.
Introduction
Soil is produced as a result of the decomposition of rocks by chemical, physical, biological and climatological processes. Tens of thousands of years may be required in the formation of differentiated layers of soil. The process is slow enough that soil can be considered a nonrenewable resource. Climate, overland cover, geology, topography and land uses promote a combination of events that control the amount of soil removal and transport, either by water or by wind. Pearse (1970) contends that rangeland deterioration (and erosion) has accelerated since 1950, primarily due to a doubling or tripling of livestock numbers, extensive plowing of rangelands, firewood cutting, expansion of well drilling into formerly inaccessible areas, and better transportation facilities. The area of abandoned arable land in Iran has doubled in recent years and the number of livestock on grazing lands is estimated to be two to three times the carrying capacity (NRCE 1992) .
The prevention of soil erosion, which means reducing the rate of soil erosion to approximately that which would occur under natural conditions, relies on selecting appropriate strategies for soil conservation (Morgan 1979) . Although it is impossible to stop soil erosion completely under natural conditions, there is a great need to control erosion for proper land and water use planning. This requires awareness of sediment yield and foreseeing changes such as in land use. Sediment yield is the amount of eroded soil that is delivered to a point in the watershed that is remote from the origin of the detached soil particles (Renard et al. 1989) .
Land-use optimization was applied to Syahrood, one of the subbasins of the Damavand watershed in Iran, where soil erosion by water is one of the major land-related problems. The objectives were minimizing soil erosion while maximizing agricultural income from current different land uses.
Study Area
Syahrood is one of the sub-basins of the Damavand watershed in the north central part of Iran between 35°37' to 35°46'N latitude and 51°50' to 52°02'E longitude and covers an area of 10,820 ha. The average yearly precipitation is 423 mm with values of 580 and 300 mm in the northeast and southwest regions, respectively. Based on climatological studies (NRCE 1992) , the area belongs to a cold semi-arid zone. Syahrood contains a diversity of land uses and slope classes. The major land uses are orchard, irrigated land, dryland, rangeland, and municipal with 160.2, 1536.6, 1624.2, 6994.2 and 505.7 ha, respectively. There are three kinds of land type in the study area; mountains (43% of the total area), hills (43% of the total area), and plateaus and terraces (14% of the total area).
Methodology
Optimization theory develops methods for optimal choices of the decision variables. An active research area among mathematical programmers is the development of generating techniques that do not depend on the conversion of a multi-objective into a single-objective optimization problem. Those approaches that have been suggested by Steuer (1995) and Philip (mentioned by Zeleny 1974) are based on the use of the simplex method for linear programming problems.
Based on linearity of objective functions, multi-objective linear programming is chosen in the study area. Also, the simplex method does not depend on the conversion of a multi-objective optimization into a singleobjective one. The general form of the multi-objective optimization problem in the Syahrood sub-basin with n decision variables, m constraints and p objectives is as given in equations 1 through 4. 
Where Z 1 and Z2 are annual net farm income and sediment yield (10 6 Rial/year and tonne/year), respectively. In each land use, Xi, Ci, , , and are surface area (ha), annual sediment yield per unit area (tonne/ha·year), amount of net farm income (10 6 Rial/ha), production cost (10 6 Rial/ha), and cost due to soil loss (10 6 Rial/ha), respectively. B is the total land area (ha). The problem can be written in detail in the following form:
Min(Z 2 ) = C 1 X 1 + C 2 X 2 + C 3 X 3 + C 4 X 4 (5b)
Subject to:
X 1 + X 3 ≤ B 4 (5f) X 1 + X 2 + X 3 + X 4 = B 5 (5g) 
Where X1 through X4 are areas allocated to orchard, rangeland, irrigated land, and dryland (ha), respectively. through are amounts of net farm income per unit area of orchard, rangeland, irrigated land, and dryland (10 6 Rial/ha). through are production costs per unit area of orchard, rangeland, irrigated land, and dryland (10 6 Rial/ha). through are erosion costs per unit area of orchard, irrigated land, and dryland (10 6 Rial/ha). through are annual sediment yield per unit area of orchard, rangeland, irrigated land, and dryland (tonne/ha·year). through are maximum limits of orchard surface area, surface area of irrigated land, surface area of dryland, surface area of orchard plus irrigated land, total area, minimum limit of orchard surface area, and surface area of rangeland (ha), respectively.
Due to not being able to make any changes in the use of municipal lands, these areas were excluded from land-use optimization.
Estimation of Constants
The amount of sediment yield in each land use is extracted from the integration of the Modified Universal Soil Loss Equation (MUSLE) and Spatial Analysis System-Geographic Information System (SPANS-GIS), Nikkami et al. (1996) . For proper management of agricultural lands, it is not wise to have dryland farming on slopes greater than 20% and irrigated farms on slopes greater than 10%. Actual recommended slopes are less than these numbers in order to avoid soil erosion and reduction of crop yield.
All benefit/cost data about the crops were collected through field studies. Major orchard crops that are included in this model were apple, cherry, fig, grape, pineapple, and walnut. In irrigated lands, there were alfalfa, barley, onion, pea, potato and wheat, and in drylands there were alfalfa, barley, pea and wheat. Through range management studies (NRCE 1992) , three types of conditions 1 were studied in the area. The weighted average dry-forage 2 production, their total digestible nutrients (TDN), and total animal units per hectare were calculated by NRCE (1992) .
There is no research on the evaluation of economic losses due to sediment yield in the study area. Therefore, it is difficult to evaluate it directly. However, these losses can be estimated indirectly by the evaluation of fertile soil loss. For example, based on data relating topsoil loss to yield reductions, just 2.5 cm of topsoil loss is enough to reduce U.S. wheat yields an average of 60 million bushels (bushel = 35.21 litre)/year (Dregne A 1 Range condition is an ecological measure to compare current plant species composition of a rangeland to its potential (often called "climax") and is determined by totaling the condition scores for all present species. Poor, fair, good and excellent conditions have 0 to 25%, 26 to 50%, 51 to 75%, and 76 to 100% of the climax community, respectively (McGinty and White 1996) . 2 All browsed and herbaceous foods that are available to grazing animals. Forages are cut and dried in the field for later use (Trottier 1992). 1982). Another way to estimate economical losses due to sediment yield is to apply lost soil to the eroded area based on the depth of root zone in each land use (NRCE 1992) . The depth of the lost soil in each land use is calculated by considering the amount of sediment yield in that land use, the appropriate rooting depth of vegetation (root zone), and soil bulk density (NRCE 1992) .
Solution to the Problem
The general form of the optimization problem is written as follows. By simplifying the first objective function, and changing the minimization to maximization form in the second objective, these equations change to the following simpler forms. The first constraint indicates that the present area under orchard, which is 160 ha, could be increased up to 557 ha. The reason for this constraint is that the areas of irrigated lands with slope classes of 10 to 20%, 20 to 40% and 40 to 60% are not suitable for irrigating cropland (Nikkami et al. 1996) . These lands could be changed to other land uses especially orchards, by terracing, if necessary, and planting permanent vegetation.
The second constraint is that the area under irrigated lands, which is 1540 ha, after subtracting high slope classes, as described in constraint 1, should not be more than 1143 ha. Slopes more than 20% are not suitable for dryland farming. The third constraint indicates that the area under dryland farming, which is 1620 ha, after subtracting high slope classes, should not be more than 1577 ha. Other reasons for this constraint are as follows.
i.
The government owns the rangelands and people cannot change their use of these lands.
ii. Due to lack of sufficient rainfall in the area, dryland farming is not suitable for most areas in this watershed. iii. People seldom use supporting practice systems in drylands, which causes large amounts of soil erosion in this form of land use.
Constraint 4. X1 + X3 ≤ 1700
Based on the limitation of irrigation water, the forth constraint implies that the area under orchard and irrigated croplands could not be more than 1700 ha. The fifth constraint is simple and it is the area limitation of the Syahrood sub-basin after subtracting the municipal lands. The sum of the areas under the four land uses can be neither increased nor decreased from the 10,310 ha of the available lands in the watershed.
Based on the reasons in constraint 1, the sixth constraint shows the present area under orchards.
Constraint 7.
X2 ≥ 6990
The seventh constraint indicates that the area under rangeland should be at least 6990 ha. The reason for this constraint is that the government owns the rangelands and people cannot change their form of land use. Many rangelands have been illegally converted to improper drylands, which could be changed back to rangelands.
The last constraint is the non-negative variable declaration.
Socioeconomic conditions in the study area do not allow converting all the irrigated lands to orchards. Also, limited detail data on suitability of croplands to different crops or combination of crops as well as the lack of cost/benefit information limits the objectives and constraints to those explained. Simplified objective functions and their constraints discussed above are entered in Table 1 as a revised linear multi-objective simplex tableau.
The computer program of Steuer (1995) is used to solve the problem. Using the proposed land-use values of Table 2 , the annual net income (Z 1 ) and sediment yield (Z 2 ) are calculated as 6.96 billion Rial/year and 46,504 tonnes/year, respectively.
Sensitivity Analysis of the Optimization Model
Post-optimality analysis involves conducting sensitivity analysis to determine which parameters of the model are the most critical in deter-mining the solution. Some or all of the parameters generally are an estimate of some quantity whose exact value will become known only after the solution has been implemented. Therefore, after identifying the sensitive parameters, special attention is given to estimating each one more closely, or at least its range of likely values.
Sensitivity analysis often begins with the investigation of the effect of changes in the B i , the amount of resource i being made available for the a Columns 2 through 5 in this table present decision variables, which in rows 2 and 3 have currency and sediment yield units, respectively. Numbers 1 and 0 in the remaining rows show the presence or absence of the decision variables in constraints, respectively. Rows 2 and 3 of column 6 indicate the maximization or minimization form of the objective functions while remaining rows indicate the equality or inequality form of the constraints. The last column gives the right hand side (RHS) value of each constraint, which represent land availability in ha. activities under consideration. The reason is that there is generally more flexibility in setting and adjusting these values than there is for the other parameters of the model. The economic interpretation of the dual variables as shadow prices is extremely useful for deciding which changes should be considered. The shadow price (y i * ) for resource i measures the marginal value of this resource, that is, the rate at which Z could be increased by slightly increasing the amount of this resource being made available. In particular, if y i * > 0, then the optimal solution changes if B i is changed, so B i is a sensitive parameter. Then the investigation continued on and parameters. It was found that B 1 , which refers to the restriction of area under orchard, was the most sensitive parameter. Increasing the area in orchards by 1 ha increases y 1 * by 10 million Rial/year and decreases y 2 * by 1 tonne/year, which means more areas could be allocated to orchard.
Results and Conclusion
Measures are being taken to improve the watershed conditions to reduce the sediment yield while maximizing production. To achieve these goals, the objective functions for maximizing watershed production were designed in such a way that the cost of sediment yield from each land-use practice was counted towards its cost of production. A multi-objective linear program was used for land-use optimization for maximizing watershed production and minimizing sediment yield. After taking allocated areas into account, average annual sediment yield and average annual income for the entire study area were 46,504 tonnes/year and 6.96 billion Rial/year, respectively. Compared with the values before optimization, the annual sediment yield would have decreased by 2422 Downloaded from https://iwaponline.com/wqrj/article-pdf/37/3/577/228913/wqrjc0370577.pdf by guest tonnes/year (or by 5%) and the annual net income increased by 3.99 billion Rial/year (or by 134%).
This method can be used to generate an exact representation of the non-inferior set by moving mathematically from one non-inferior extreme point to adjacent points until all non-inferior extreme points have been found. Figures 1 through 3 compare the area, sediment yield, and total net farm income of different land uses of the Syahrood sub-basin before and after optimization. Downloaded from https://iwaponline.com/wqrj/article-pdf/37/3/577/228913/wqrjc0370577.pdf by guest
